The pyrolytic characteristics and kinetics of new marginal soil energy plant Helianthus annuus stalk were investigated using thermogravimetric (TG) method from 50 to 800 ∘ C in an inert argon atmosphere at different heating rates of 5, 10, 20 and 30 ∘ C min −1 . The kinetic parameters of activation energy and pre-exponential factor were deduced by Popescu, Flynn-Wall-Ozawa (FWO), and Kissinger-Akahira-Sunose (KAS) methods, respectively. The results showed that three stages appeared in the thermal degradation process. The primary devolatilization stage of H. annuus stalk can be described by the Avrami-Erofeev function ( = 4). The average activation energy of H. annuus stalk was only 142.9 kJ mol −1 . There were minor kinetic compensation effects between the preexponential factor and the activation energy. The results suggest that H. annuus stalk is suitable for pyrolysis, and more importantly, the experimental results and kinetic parameters provided useful information for the design of pyrolytic processing system using H. annuus stalk as feedstock.
Introduction
As potential "next generation" biofuel feedstock, marginal soil plants have attracted considerable attention because of their advantages, such as high photosynthetic efficiency, maximum biomass production, fast growing, high conversion rate, ease of harvesting, and lack of arable soil requirements. Helianthus annuus can grow well in barren marginal lands and has good resistance to adverse situations. Moreover, it does not compete with grain crops for arable lands, which is significant for one populous country lack of arable land as China. The agriculture is producing huge amount of H. annuus stalks as by-products of seeds every year in China. It has been reported that the stalk yield was ranging between 5 and 14 tons per hectare. H. annuus has an excellent adaptability, and the growth cycle is only about 100 days. These characteristics of H. annuus suggest that it can be used as a good potential energy source and should be further studied as a good biofuel feedstock candidate [1] [2] [3] [4] [5] [6] [7] [8] .
Biomass pyrolysis has demonstrated itself to be a kind of biomass-energy utilization technology which transforms low-energy density biomass materials into high-energy density liquid products which can be utilized more efficiently in an environment-friendly manner. A thorough knowledge of the thermal behavior and pyrolysis kinetics of biomass are required for the proper design and operation of the pyrolysis conversion systems. Thermogravimetry (TG) analysis method was selected to investigate the thermal decomposition process. The kinetic data from TG are not only very useful for understanding the thermal degradation processes and mechanisms, but also can be used as input parameters for a thermal degradation reaction system [9] [10] [11] .
In present study, H. annuus stalk pyrolysis was investigated using a TG/DSC instrument with nonisothermal thermogravemetric (TG) analysis method at different heating rates under an inert atmosphere. The pyrolysis characteristics and kinetics were examined by Popescu, Flynn-Wall-Ozawa (FWO) and Kissinger-Akahira-Sunose (KAS) methods and then the average activation energy, pre-exponential factors, and reaction orders were deduced. The objective of this study was to obtain the kinetic parameters of thermal decomposition and then to determine the degradation mechanism for 2 Journal of Energy facilitating the efficient design, operation, and modeling of pyrolysis and related thermochemical conversion systems for energy plants.
Materials and Methods

2.1.
Materials. H. annuus stalk was collected from the marginal land of Shandong University of Science and Technology campus, Qingdao, China, January 2012. Sample was dried in one drying oven at 100 ± 2 ∘ C for 10 hours and pulverized in a plant disintegrator to be able to pass through a 120-mesh sieve, and then stored in a desiccator.
Proximate and Component
Analysis of the Sample. Proximate analysis was carried out according to the national standard GB212-91 (China). For analysis of composition, the biomass materials were hydrolyzed using 72% H 2 SO 4 , 2 mol/L HCl and concentrated HCl to analyze cellulose, hemicellulose and lignin contents according to established methods, respectively [10, 12, 13] . The results were presented in Table 1 . All tests were carried out in triplicate.
Pyrolysis by Thermogravimetric
Analyzer. Pyrolytic characteristics were determined by using a thermal analyzer (TGA/DSC1/1600LF Mettler Toledo Co., Switzerland). In the experiment, argon gas was used as a carrier gas with a flow rate of 50 cm 3 min −1 . The heating rate was controlled at 5, 10, 20, 30 ∘ C min −1 from 50 to 800 ∘ C. The sample mass that was used for the thermogravimetric analysis in each experiment was 10 mg approximately. Mass loss and calorific changes in response to temperature were recorded and used to plot thermogravimetric (TG), derivative thermogravimetric analysis (DTG), and differential scanning calorimetric (DSC) curves [14, 15] . All experiments were replicated three times. The software Origin 8.0 was used to analyze the data and plot the curves.
Kinetic Analysis
2.4.1. Popescu Method. The Popescu method was used to evaluate the most probable mechanism of the pyrolytic reaction [12, 13] . In other words, the Arrhenius equation was selected to analyze the thermal decomposition reactions. The dynamic equation is:
where is the conversion rate and is defined as follows:
and here, 0 , , ∞ are the initial, actual, and the end mass of samples, mg; where ( ) is the velocity constant, and ( ) is the differential coefficient mechanism function. Consider thus, with the combination of (1), (2), and (3), the rate of a solid-state reaction can generally be described by:
and then, if the temperature is controlled at a constant heating rate, (K/ min) = / . Therefore, (4) gives:
Then the integral form of (5) is:
For this equation, where , are two different degrees of conversion, and , are their corresponding temperatures, and here ( ) , ( ) and can be described as follows, respectively:
Therefore, a plot of ( ) versus 1/ gives a straight line with an intercept of zero. If the experiment data and ( ) are chosen properly, a plot of ( ) versus 1/ gives a straight line with an intercept of zero. Then, this ( ) is the proper mechanism that can express the true chemical reaction process.
By logarithmic transformation of (6), a linear equation is deduced:
A plot of ln( /( − )) versus 1/ gives a straight line with a slope of − / and intercept of ln[ / ( )]. Therefore, and ln can be determined. 
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FWO and KAS Method.
It is well known that flynnwall-ozawa (FWO) method and kissinger-akahira-sunose (KAS)method were generally used to deduce the activation energy and pre-exponential factor, and the apparent activation energy is influenced by temperature and fractional conversion [13, [16] [17] [18] [19] [20] . So, activation energy can be obtained with the change of heating rate .
Flynn-Wall-Ozawa equation:
KAS equation:
According to (9) and (10), plots of ln , ln( / 2 ) versus 1/ with a certain conversion rate give straight lines with slopes of −1.0516 / , and − / the activation energy can be determined. Then, the activation energy ( ) can be determined. Substituting the value of and the mechanism function ( ) back into (9) and (10) in conjunction with and , ln can be calculated.
Results and Discussion
Characteristics of the Thermal Degradation Process.
According to thermogravimetric (TG) and differential thermogravimetric (DTG) curves of H. annuus stalk ( Figures  1 and 2) , the results indicated that the pyrolysis process was made up of three stages. The stage I occurred as the temperature increased from room temperature to 1 , while the second started as the temperature that increased from 1 to 5 (II). However, the sample revealed somewhat different during stage II. Stage II included two zones for H. annuus stalk pyrolysis process: zone I occurred as the temperature increased from 1 to 3 with a maximum mass loss point at 2 , and zone II occurred as the temperature increased from 3 to 5 with a maximum mass loss point at 4 . The last one, stage III occurred as the temperature increased from 5 to 800 ∘ C. The concrete contents of the temperature characteristics were shown in Table 2 and Figure 2 .
The TG and DTG curves of the sample at different heating rates (Table 2 ) and 20 ∘ C min −1 (Figures 1 and 2 , all profiles of different heating rates are not presented here, and 20
was shown as an example for concision) showed that three stages appeared corresponding to three different pyrolytic processes. The stage I was the process of slow mass loss corresponding to the evaporation of water and other volatile components, in other words, it is that both the internal cellular water and the external water bound by surface tension were lost [12] . From the Figure 2 , stage II ( 1 -5 ) was the devolatilization stage, during which the main pyrolytic process occurred. In this stage, various volatile components were gradually released, and biological macromolecules were depolymerized and fractured; that resulted in a large mass loss and formation of the main pyrolytic products. The temperature range of three samples during stage II was 130.4-272.5 ∘ C (H. annuus stalk) at different heating rates. During the stage III, the residual was slowly decomposed [26] , resulting in the formation of a loose porous end-product.
Heating rates have significant effects on the pyrolysis process. As the heating rate increasing, the mass loss rate and the average reaction rate both increased. The results were shown in Table 3 .
The differential scanning calorimetry (DSC) curves of three samples at different heating rates were presented in As the heating rate increasing, an obvious exothermic effect appeared, and this finding indicated that the pyrolysis process produced heat. During the stage I, there was an obvious endothermic peak, which corresponded to moisture evaporation. In stage II (devolatiliation stage), there were some differences among these three samples. As the temperature increased, H. annuus stalkmaintained the exothermic effect, while as the heating rate increasing, the exothermic effect became more obvious with the peak area increased. At the temperature of 400 to 500 ∘ C, there was an exothermic peak, which showed that the charring process occurred at this moment. Generally speaking, an endothermic process can be related to depolymerization and volatilization processes, while an exothermic process is due to charring. The pyrolysis had no clear endothermic effects, which suggested that the decomposition process needs low energy and the inorganic salts promote charring and exothermic effects.
Kinetic Analysis of the Pyrolysis Process
Determination of G( ).
Different conversion rates at different heating rates and temperatures were chosen to determine the pyrolysis mechanism function. These temperatures should be applied during stage II. The 41 kinds of typical mechanism functions [27] were analyzed according to the Popescu method to determine the ( ) function. And at last, according to these 41 kinds of typical mechanism functions, the function ( ( ) = [− ln(1 − )] 4 ) appeared as the most probable mechanism function for H. annuus stalk (Table 4 ). And then, the activation energy and pre-exponential factors can be calculated by function ( ) [28] .
Calculation of the Activation Energy and PreExponential Factors.
According to (8) , a plot of ln( /( − )) versus 1/ gives a straight line with a slope of − / and intercept of ln[ / ( )]. Therefore, and ln can be determined. And on basis of (9) and (10), a plot of ln , ln( / 2 ) against 1/ should be a linear relationship by FWO method and KAS method. Similarly, the activation energy and pre-exponential can be calculated (Figure 4) . The values of activation energy and ln was listed in Table 5 . The value of -Square was close to 0.9500, that is to say, the values of coefficient of correlation were relatively high. So the values of activation energy deduced and calculated by Popescu, FWO, and KAS methods are valid. However, the values of activation energy increased with a different fluctuation at different conversion rates. This may be ascribed to the complex composition of the sample and the complex reactions during pyrolysis. In the end, the average activation energy value of H. annuus stalkwas 142.9 kJ mol −1 . In Table 6 , various kinetic parameters of pyrolysis between different biomass sources were compared. Other results are not similar to the present study, which suggests that thermal behavior is influenced greatly by feedstock types [29] .
In Table 7 , the kinetic compensation effects of the preexponential factors and activation energy were shown. These results indicated that there was a partial compensation effect for when changed.
Conclusions
High priority should be given to the development and protection of biomass pyrolysis from new marginal soil energy plant with great potential, which is widely recognized as a technically feasible way for sustainability. In the present work, there were three stages in the process of H. annuus stalk pyrolysis, and stage II was the main pyrolysis process, and most of the organic materials were decomposed in this stage, and heating rates had a significant effect on the pyrolysis process of biomass.
The Popescu, FWO, and KAS methods were adopted to determine the kinetic parameters of the pyrolysis reaction. During the primary decomposition reactions, the most probable mechanism functions for H. annuus stalk was
4 . The values of activation energy calculated by these three methods were similar. There was only a partial compensation effect for when changed. The results suggest that H. annuus stalk is suitable for pyrolysis, and more importantly, the experimental results and kinetic parameters provided useful information for the design of pyrolytic processing system using H. annuus stalk as feedstock. 
